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Received 28 March 2016; revised 26 August 2016; accepted 26 August 2016AbstractSingle crystals of pure bis (thiourea) strontium chloride (BTSC) have been grown from aqueous solution by slow evaporation
method. The results from single crystal X-ray diffraction studies indicated the orthorhombic structure and Pna21 space group of the
crystals. 77% transmittance measured by the Ultra violet transmittance studies and a band gap of 4.7 eV indicated the high optical
transparency. From Kurtz and Perry powder method, the second Harmonic Generation (SHG) efficiency of the BTSC has been
found to be 1.54 times as that of KDP and the phase matching nature of the crystal has been confirmed. Hyper polarizability studies
showed that the synthesized BTSC crystal has higher polarisability and dipole values and hence can be used as potential NLO
material. The frontier orbital HOMO-LUMO gap has been determined to understand the chemical reactivity and kinetic stability of
the title crystal. The values of various global chemical molecular reactivity descriptors like chemical hardness (h) and electro-
philicity index (u) have been calculated. Natural bond orbital (NBO) analysis has been carried out to study the charge distribution
and to understand various donoreacceptor interactions taking place in the BTSC crystal.
© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of University of Kerbala. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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NLO crystals have received increasing attention due
to their distinctive linear, non-linear optical properties
and excellent thermal stability in guest-host systems
[1]. In the area of optoelectronics, the nonlinear optical
materials with their ability of second harmonic fre-
quency generation play an important role. In particular,* Corresponding author.
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versatile owing to their superior nonlinear response
compared to their inorganic counterpart. Therefore,
recent research is meticulously focused on such semi
organic materials with high laser damage threshold,
improved thermal stability and desired mechanical
sustainability [2]. To retain the merits and overcome the
shortcomings of pure organic and inorganic materials,
some new classes of NLO crystals such as semi organic
crystals have been developed. Among the semi organic
NLO materials, the thiourea metal complexes deserve an behalf of University of Kerbala. This is an open access article under
4.0/).
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Fig. 2. (a) Grown crystal of BTSC; (b) UV transmittance spectrum
of BTSC.
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perfection, electronic properties and optical quality.
These complexes exhibit ligand to metal charge transfer
(LMCT) by an electron movement from ligand to metal
and metal to ligand (MLCT) in addition to pep*
conjugation. Thiourea is a centrosymmetric molecule,
but among metal co-ordination, it becomes non
centrosymmetric and the grown crystals exhibit non-
centrosymmetric behaviour, which is an essential
property for a crystal to exhibit NLO activity [3].
Growth and characterization of bis-thiourea cadmium
chloride [4] bis-thiourea zinc chloride [5], bis-thiourea
bismuth chloride [6] have been reported in literature.
Theoretical studies including molecular geometry
optimization, natural bond orbital (NBO) analysis,
polarizability calculation and HOMO-LUMO analysis
on tris thiourea zinc sulphate (ZTS) [7] and bis thiourea
nickel chloride (BTNC) [8] have been reported earlier.
In this present investigation, bis thiourea strontium
chloride, reported earlier by the authors [9] as a po-
tential NLO material, is taken for theoretical studies.
The optimized structure of BTSC and before optimi-
zation have been shown in Fig. 1a and b. Through the
study, an attempt has been initiated to explain the
crystal's HOMO-LUMO energy level molecular in-
teractions, geometrical frame work, Mullikan charges,
dipole moments, electro negativity, chemical hardness,
electrophilicity index and hyper polarizability.
2. Experimental
2.1. Synthesis of BTSC
Bis (thiourea) strontium chloride (BTSC) single
crystals have been synthesized by dissolving thiourea
and strontium chloride in 2:1 ratio in an aqueous me-
dium. Calculated quantities of the reactants have been
dissolved thoroughly in deionisedwater. Usingmagnetic
stirrer, the mother solution has been stirred thoroughly toFig. 1. (a) Optimized structure of BTSC; (b)
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strong coordinating capacity to form different phases of
metal-thiourea complexes. The solution has been thor-
oughly filtered and kept in a dust free environment at
room temperature. BTSC crystals of dimension
17  9  4 mm3 have been harvested in a period of
24e30 days. Grown crystal has been shown in Fig. 2a.
The yield of the crystal is 99%.
2.2. Analytical techniques
Single crystal X-ray diffraction study has been carried
out using Enraf (Bruker) Norius CAD4 diffractometer
with Mo Ka (l ¼ 0.7170 Å). The optical transmission
spectrum of BTSC crystals has been recorded in the re-
gion of 180e1200 nm using Shimadsu UV-106 spec-
trometer. The NLO property and phase matching nature
of the grown crystals have been confirmed by Kurtz and
Perry second harmonic generation (SHG) test using a
Quanta ray spectra physics Nd:YAG laser.Structure of BTSC before optimization.
trontium chloride as promising NLO material: An experimental and
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Quantum mechanical calculations have been used to
carry out the optimized geometry, NLO, NBO and
HOMO-LUMO analysis with Guassian-03 program
using the Becke3-Lee-Yang-Parr (B3LYP) functional
supplemented with the standard 6-31G (d, p) basis set
[10]. As the first step of our DFT calculation for NLO,
NBO and HOMO-LUMO analysis, the geometry taken
from the starting structures have been optimized. The
electric dipole moment m and b tensor components of
the title compounds have been calculated, which has
been found to be more than adequate for obtaining
reliable trends in the first hyperpolarizability values.
The components of the first hyperpolarizability can
be calculated using equation:
bi ¼ biii þ 1=3
X
isj

bijj þ bjij þ bjji
 ð1Þ
Using the x, y and z components, the magnitude of
the first hyperpolarizability tensor can be calculated by
btot ¼

b2x þ b2y þ b2z
1=2
ð2Þ
The complete equation for calculating the magni-
tude of first hyperpolarizability from Gaussian-03
output is given as follows:
btot ¼
h
bxxx þ bxyy þ bxzz
2 þ byyy þ byzz þ byxx2
þ bzzz þ bzxx þ bzyy2
i1=2
ð3Þ
All the electric dipole moment and the first hyper-
polarizabilities are calculated by taking the Cartesian
coordinate system (x, y, z) ¼ (0, 0, 0) at own center of
mass of the compounds.
2.4. Natural bond orbital (NBO) analysis
NBO analysis has been performed on the molecule at
the DFT/B3LYP/6-31G(d,p) level in order to elucidate
the intramolecular rehybridization and delocalization of
electron density within the molecule. The second order
Fock matrix has been carried out to evaluate the
donoreacceptor interactions in the NBO analysis [11].
These interactions will result in a loss of occupancy from
the localized NBO of the idealized Lewis structure into
an empty non-Lewis orbital. For each donor (i) and
acceptor (j), the stabilization energy E(2) associated with
the delocalization i/ j is estimated asPlease cite this article in press as: N.R. Rajagopalan et al., Bis (thiourea) s
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2
εj εi ð4Þ
Where qi is the donor orbital occupancy, εi and εj are
diagonal elements and F (i, j) is the off diagonal NBO
Fock matrix element [12]. The larger the E(2)value, the
more intensive is the interaction between electron do-
nors and electron acceptors, i.e., the more donating
tendency from electron donors to electron acceptors and
the greater the extent of charge transfer or conjugation
of the whole system.
3. Results and discussion
3.1. X-ray diffraction studies
The lattice parameters and the crystal system have
been determined using the single crystal XRD analysis.
The observed values (a ¼ 9.788 Å, b ¼ 10.693 Å,
c ¼ 17.979 Å, V ¼ 1881.7 Å3 and a ¼ b ¼ g ¼ 90)
suggested that the BTSC crystal crystallizes in ortho-
rhombic structure with non-centrosymmetric space
group Pna21. The experimental values are comparable
with that of reported powder XRD values [13].
3.2. UV-VIS analysis
The possible applications of the NLO crystals in
the area of photonics, wave guides and detector fields
could be related with their preferred optical proper-
ties. In this regard, to testify the well defined elec-
tronic structure and good optical quality of the grown
crystal, the study of its optical transmission for
UVevisible region is important. From the UV trans-
mittance spectra (Fig. 2b), it is observed that BTSC
crystals have high transmittance in the entire visible
region. This is very important for materials possessing
nonlinear optical properties. The UV cut-off wave-
length for BTSC is found to be at 262 nm. The wide
range of transparency (77%) is an added advantage
for this crystal to be utilized in the field of opto-
electronic devices [14]. The value of band gap energy
has been estimated from the Tauc's plot drawn be-
tween photon energy (hy) and (ahy)2 (Fig. 3a) by
extrapolating the linear portion of the curve towards
the X-axis. From Fig. 3b, showing the zoomed in plot
of Fig. 3a, the band gap for BTSC has been found to
be 4.7 eV. As a consequence of wide band gap, the
grown crystal has large transmittance in the visible
region [15].trontium chloride as promising NLO material: An experimental and
, http://dx.doi.org/10.1016/j.kijoms.2016.08.001
Fig. 3. (a) Tauc's plot of BTSC; (b) Tauc's zoomed in plot for band
gap region.
Table 1
Electric dipole moment (m), Polarizability (a) and Hyperpolarizability
(b) of BTSC.
Parameter BTSC
Electric dipole moment (m)
mx 0.7838
my 19.3404
mz 1.9844
m 21.3248
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Kurtz and Perry powder technique [16] is a vital and
popular tool to examine the conversion efficiency of
the prospective second order NLO materials. Using
standard sieves, the test BTSC and standard KDP
samples have been crushed as powders of various grain
size (<63, 63e125, 125e250, 250e345 and >345 mm)
and filled tightly in separate micro-capillary tubes. The
results for BTSC obtained from the Kurtz and Perry
powder technique have been compared with KDP and
shown in Fig. 4. When a crystal is considered for any
device fabrication, one of its important properties is its
phase matchable nature. The phase matchable nature of
a crystal allows the second harmonic generation to
increase monotonically when the beam passes through
it. If a NLO material's SHG intensity goes on
increasing with its particle size up to the average
coherence length and afterwards attains a constantFig. 4. Variation of SHG with the particle size for BTSC and KDP.
Please cite this article in press as: N.R. Rajagopalan et al., Bis (thiourea) s
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material. But in the case of non phase-matchable ma-
terials, after the coherence length, SHG varies
inversely with the particle size [17]. From Fig. 4, it is
noticed that the SHG efficiency of BTSC increases
with particle size up to 250 mm, and the increase is
almost saturated. The SHG efficiency of BTSC has
been calculated as 1.54 times higher than that of
standard KDP. The experimental value is good agree-
ment with calculated SHG value. The result also gives
a solid indication for the phase matching property of
BTSC. Hence, it is possible to use the BTSC as an
alternate for KDP in NLO applications.
3.4. Hyperpolarizability and dipole moment
calculations
Theoretical investigation plays an important role in
understanding the structureeproperty relationship,
which will assist in designing novel NLO chromo-
phores. The electrostatic first hyperpolarizability (b)
and dipole moment (m) of BTSC crystal have been
calculated by using Gaussian 03 package [18]. Table 1
shows that the synthesized BTSC crystal have larger
mgbo values, which is attributed to the positive contri-
bution of their conjugation. The negative value showstotal
Polarizability (a)
axx 60.6991
axy 1.3834
ayy 142.5260
axz 10.2115
ayz 1.4014
azz 145.9797
atotal  1021 (esu) 172.5070
Hyperpolarizability (b)
bxxx 24.1812
bxxy 192.8436
bxyy 13.7198
byyy 141.5267
bxxz 7.3443
bxyz 86.4223
byyz 19.9446
bxzz 21.0153
byzz 62.5899
bzzz 41.4369
btotal  1031 (esu) 34.4216
trontium chloride as promising NLO material: An experimental and
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crystal possess a more appropriate ratio of off-diagonal
versus diagonal b tensorial component (r ¼ bxyy/bxxx)
which reflects the inplane non-linearity anisotropy and
the largest mbo values. The difference of the bxyy/bxxx
ratios can be well understood by analyzing their rela-
tive molecular orbital properties. The r values of BTSC
is 0.5671. The electrostatic first hyperpolarizabilities
(b0) and dipole moment (m) of the chromophores have
been investigated theoretically and the results can be
explained by the reduced planarity. Hence, the steric
interaction must be reduced in order to obtain larger b0
values. The b tensor [19] can be decomposed in a sum
of dipolar (2DJ¼1b) and octupolar (
2D
J¼3b) tensorial com-
ponents, and the ratio of these two components
strongly depends on their ‘r’ ratios. Complying with
the Pythagorean theory and the projection closure
condition, the octupolar and dipolar components of the
b tensor can be described as:
k2Dj¼1bk ¼ ð3=4Þ
h
bxxx þ bxyy
2 þ hbyyy þ byxx2
i
ð5Þ
k2Dj¼3bk ¼ ð1=4Þ
h
bxxx3bxyy
2 þ hbyyybyxx2
i
ð6Þ
The parameter r2D

r2D ¼ k2DJ¼3bkk2D
J¼1bk

is convenient to
compare the relative magnitudes of the octupolar and
dipolar components of b. The observed positive small
r2D value reveals that the biii component cannot be
zero and these are dipolar component. Since most of
the practical applications for second order NLO chro-
mophores are based on their dipolar components, this
strategy is more appropriate for designing highly effi-
cient NLO chromophores.
3.5. HOMO-LUMO analysis
For obtaining an insight into the optical and elec-
trical nature of NLO crystals, a knowledge of elec-
tronic reconfiguration and electronic excitations in
frontier molecular orbitals (highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO)) will serve as one of the key factors.
HOMO represents the electron donating nature while
LUMO indicates the electron accepting nature. The
interaction prevailing between HOMO and LUMO is
quite stable which is termed as filled empty interaction.
The frontier orbital gap helps in understanding the
chemical reactivity and kinetic stability of the mole-
cule. In the plot of HOMO (Fig. 5), it is observed thatPlease cite this article in press as: N.R. Rajagopalan et al., Bis (thiourea) s
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nitrogen and chlorine atoms while the LUMO plot
concentrated on CeS bonds of thiourea. The energy
calculated for HOMO and LUMO are 5.6324 and
1.0339 eV respectively. The energy difference be-
tween these frontier orbitals has been calculated as
4.59 eV. This higher gap indicates the moderate elec-
trical activity of the crystal [8]. It is reported in liter-
ature that when DFT band structures of excitations in
solid state structures, semi conductors and insulators
are calculated, the band gap generated and the exci-
tation energies are largely underestimated. This state-
ment explains the variation between the calculated and
experimental band gap energy [20e24].
3.6. Global chemical molecular reactivity descriptors
Following the outputs of density functional and
related theories, various global chemical molecular
reactivity descriptors like chemical hardness (h),
electro negativity (c) and electrophilicity index (u)
have been defined [25]. The energy values obtained for
HOMO and LUMO have been used to arrive at these
reactivity descriptors by considering the approximation
that the ionization potential I is equal to eEHOMO and
electron affinity A is equal to eELUMO. The relation-
ship between the molecular stability, chemical hard-
ness and electrophilicity index has also been
established [26]. The chemical hardness is vital indi-
cator of the chemical stability of the crystal. It is
calculated from the Koopman's expression [27],
h¼ ½½IA ¼½½ELUMO EHOMO ð7Þ
The value of chemical hardness has been calculated
as 2.30 which attest the required chemical stability of
the crystal. The concept of electro negativity has been
introduced by Pauling [28] as the power of an atom in a
molecule to pull electrons towards it. Electro negativity
is calculated as 3.33 by the relation,
c¼½½IþA ð8Þ
The obtained values are comparable with the values
of the ZTS, an established NLO material which has the
hardness and electro negativity values 2.66 and 3.84
respectively [7]. The electrophilicity index is defined
as the measure of energy lowering due to maximal
electron flow between donor and acceptor. It is calcu-
lated from the formula,
u¼ c22h ð9Þtrontium chloride as promising NLO material: An experimental and
, http://dx.doi.org/10.1016/j.kijoms.2016.08.001
Fig. 5. HOMO LUMO orbital pictures of BTSC.
Table 2
Mulliken atomic charges of BTSC.
Atoms with numbering Mulliken atomic charges
1 C 0.0808
2 N 0.7437
3 H 0.3447
4 H 0.3530
5 N 0.7208
6 H 0.3634
7 H 0.3429
8 S 0.0329
9 Cl 0.8301
10 Sr 1.5461
11 Cl 0.8333
12 S 0.0801
13 C 0.2139
14 N 0.7531
15 H 0.3951
16 H 0.3371
17 N 0.7638
18 H 0.3405
19 H 0.3743
Table 3
Significant donoreacceptor interactions of BTSC and their second-order pe
Donor(I) Type ED/e Acceptor(J) Ty
S4eC6 p 1.9712 N14 p*
C6 p 1.9994 N14 p*
C6 p 1.9994 N17 p*
C6 p 1.9994 N14eH15 p*
C6 p 1.9994 N14eH16 p*
C6 p 1.9994 N17eH18 p*
C6 p 1.9994 N17eH19 p*
N14 p 1.9993 C6 p*
N14 p 1.9993 H16 p*
N17 p 1.9994 C6 p*
N17 p 1.9994 H18 p*
N17 p 1.9994 H19 p*
LP S4 p 1.9730 C6 p*
C17eN11 p Sr p*
Sr p Cl p*
N14 p H16 p*
N17 p H19 p*
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2.42. This moderate value indicates the possible
energy transformation between various frontier
orbitals.
3.7. Mulliken atomic charges
Natural atomic charges play a crucial role in the
application of quantum mechanical calculation to
molecular system. The charge distribution of BTSC
crystal has been calculated from the atomic charges
by NBO and tabulated in Table 2 [29,30]. From the
Table 2, it is inferred that the amino nitrogen (0.72/
0.74/0.75/0.76 e) and chlorine (0.83 e) of
BTSC carried a notable negative charge and behaved
as electron donors. The higher positive values have
been shown by strontium (1.55 e) and hydrogen
(0.34/0.35/0.36/0.39 e) and they behave as acceptor
atoms.rturbation energies (kcal/mol).
pe ED/e E(2) E(j)eE(i) F(I, j)
0.0045 1.48 1.47 0.042
0.0045 0.89 10.76 0.087
0.0040 0.84 11.03 0.086
0.0164 0.66 10.66 0.075
0.0743 0.63 10.66 0.075
0.0087 0.52 10.68 0.067
0.0153 0.68 10.66 0.076
0.0085 1.59 14.76 0.137
0.0075 1.41 15.12 0.131
0.0085 2.68 14.59 0.177
0.0018 0.63 14.91 0.086
0.0016 0.53 14.89 0.079
0.0085 2.65 1.04 0.047
0.07 0.88 0.007
0.69 4.29 0.163
1.41 15.12 0.131
0.53 14.89 0.079
trontium chloride as promising NLO material: An experimental and
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NBO analysis have been performed for BTSC
crystal at the DFT/B3LYP/6-31þþG (d,p) level in
order to elucidate the intramolecular hybridization and
delocalization of electron density within the molecule.
The importance of hyper conjugative interaction and
electron density transfer from lone pair electrons to
the anti-bonding orbital has been analyzed [31].
Several donoreacceptor interactions are observed for
BTSC crystal and among the strongly occupied NBOs,
the most important delocalization sites are in the p
system and in the lone pairs (n) of the nitrogen,
sulphur and strontium atoms. The s system shows
some contribution to the delocalization, and the
important contributions to the delocalization corre-
sponding to the donoreacceptor interactions are
shown in Table 3.
4. Conclusions
Bis (thiourea) strontium chloride (BTSC) has been
grown from aqueous solution by the slow evaporation
technique. The UV spectral analysis indicated that
BTSC has a wide transparency window in the visible
region with a lower cut-off wavelength of 262 nm and
77% transmittance. Band gap for BTSC has been found
to be 4.7 eV by Tauc's plot. SHG efficiency of the
BTSC sample has been found to be 1.54 times greater
than that of KDP. Kurtz and Perry powder method also
signified the phase matching nature of BTSC. The
HOMOeLUMO interactions resulted in a energy gap
of 4.59 eV. The outputs of various global chemical
molecular reactivity descriptors like chemical hardness
(h), electro negativity(c) and electrophilicity index(u)
have been determined which guaranteed the stability of
the crystal. Several donoreacceptor interactions pre-
vailed in BTSC crystals have been indicated by Mul-
likan charges and NBO analysis. DFT calculations
show that BTSC molecules of higher hyper-
polarizability have larger dipole moments and can be
used as potential NLO crystals.
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